Functional Organization of a Neural Network for Aversive Olfactory Learning in Caenorhabditis elegans  by Ha, Heon-ick et al.
Neuron
ArticleFunctional Organization of a Neural Network
for Aversive Olfactory Learning
in Caenorhabditis elegans
Heon-ick Ha,1 Michael Hendricks,1 Yu Shen,1 Christopher V. Gabel,2 Christopher Fang-Yen,2 Yuqi Qin,1
Daniel Colo´n-Ramos,3,4,5 Kang Shen,3,4 Aravinthan D.T. Samuel,2,* and Yun Zhang1,*
1Department of Organismic and Evolutionary Biology
2Department of Physics
Center for Brain Science, Harvard University, Cambridge, MA 02138, USA
3Howard Hughes Medical Institute
4Department of Biology and Pathology
Stanford University, Stanford, CA 94305-5020, USA
5Present address: Program in Cellular Neuroscience, Neurodegeneration and Repair, Department of Cell Biology,
Yale University School of Medicine, New Haven, CT 06510, USA
*Correspondence: samuel@physics.harvard.edu (A.D.T.S.), yzhang@oeb.harvard.edu (Y.Z.)
DOI 10.1016/j.neuron.2010.11.025SUMMARY
Many animals use their olfactory systems to learn to
avoid dangers, but how neural circuits encode naive
and learned olfactory preferences, and switch
between those preferences, is poorly understood.
Here, we map an olfactory network, from sensory
input to motor output, which regulates the learned
olfactory aversion of Caenorhabditis elegans for the
smell of pathogenic bacteria. Naive animals prefer
smells of pathogens but animals trained with patho-
gens lose this attraction. We find that two different
neural circuits subserve these preferences, with
one required for the naive preference and the other
specifically for the learned preference. Calcium
imaging and behavioral analysis reveal that the naive
preference reflects the direct transduction of the
activity of olfactory sensory neurons into motor
response, whereas the learned preference involves
modulations to signal transduction to downstream
neurons to alter motor response. Thus, two different
neural circuits regulate a behavioral switch between
naive and learned olfactory preferences.
INTRODUCTION
In principle, learning can involve alterations to different layers of
an animal’s nervous system, from sensory neurons to interneu-
rons and motor neurons. To fully understand the neural basis of
experience-dependent behavioral plasticity, it is important to
map the neuronal pathways that underlie behavioral responses
before and after learning, understand how these neuronal path-
ways interact, anddeterminewhat changesoccurduring learning.
Experience and environmental context can profoundly shape
the representations of an odor to an animal. Studies in bothNevertebrates and invertebrates have identified brain areas, or
even specific neurons, that contribute to olfactory learning,
such as a few distributed brain areas in themain olfactory system
in mammals and mushroom body neurons in flies (Sanchez-
Andrade and Kendrick, 2009; Waddell and Quinn, 2001).
Specific neurotransmitters can also play regulatory roles in olfac-
tory learning (Menzel and Muller, 1996; Schwaerzel et al., 2003;
Zhang et al., 2005). However, a systems-level analysis from
sensory input to motor output, showing how both naive and
learned olfactory preferences can be generated by the nervous
system, has not yet been possible.
The nematode Caenorhabditis elegans provides an opportu-
nity to study the functional organization of neural networks with
comprehensiveness and single-cell resolution. Its entire highly
stereotyped nervous system contains just 302 neurons, and all
synaptic connections between neurons have been defined by
serial reconstruction of electron micrographs (Chen et al.,
2006; White et al., 1986). The wiring diagram of the worm
nervous system has facilitated the mapping of neural circuits
that regulate mechanosensation (Chalfie et al., 1985), olfactory
sensation (Bargmann et al., 1993), salt chemotaxis (Bargmann
and Horvitz, 1991; Iino and Yoshida, 2009), thermotaxis
(Mori andOhshima, 1995), and navigation (Gray et al., 2005; Tsa-
lik and Hobert, 2003).
In this study, we sought to identify the neural circuits that allow
C. elegans to exhibit different olfactory preferences depending
on adult-stage experience. The nematode detects hundreds of
different odorants, which directs its navigation toward bacterial
food sources (Bargmann et al., 1993). C. elegans modulates its
behavior in response to food quality, and displays experience-
dependent plasticity to avoid ingesting pathogenic bacteria
such as Pseudomonas aeruginosa PA14 (Hodgkin et al., 2000;
Pujol et al., 2001; Shtonda and Avery, 2006; Tan et al., 1999;
Zhang et al., 2005). Animals that are never exposed, and thus
naive, to pathogenic bacteria often prefer the smells of the path-
ogens. In contrast, animals that have ingested pathogenic
bacteria learn to reduce their olfactory preference for the patho-
gens (Zhang et al., 2005). This form of aversive olfactory learninguron 68, 1173–1186, December 22, 2010 ª2010 Elsevier Inc. 1173
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1 in a pair of serotonergic neurons ADF and the function of a sero-
tonin-gated chloride channel MOD-1 in a few interneurons.
Long-term exposure to pathogenic bacteria raises the serotonin
content of ADF neurons and increased serotonin promotes
learning. Together, these results suggest that ADF serotonin
functions as a negative reinforcing signal for aversive olfactory
learning on pathogenic bacteria (Zhang et al., 2005).
Here, we asked how an olfactory neural network in C. elegans
allows the animal to generate both naive and learned olfactory
preferences, and how ADF regulate the switch between those
preferences. We combined a systematic laser ablation analysis
and an automated behavioral assay that quantifies the olfactory
responses of individual animals to measure the contribution of
specific neurons to olfactory response and plasticity. These
analyses revealed two different groups of neurons that regulate
naive and learned olfactory behaviors. One is composed of
olfactory sensory neurons AWB and AWC with their down-
stream interneurons (the AWB-AWC sensorimotor circuit) and
is needed for animals to display naive olfactory preference.
Calcium imaging recordings indicate that the naive preference
is determined by the intrinsic properties of AWB and AWC
sensory neurons. The other group consists of ADF serotonergic
neurons with their downstream interneurons and motor neurons
(the ADF modulatory circuit) and is specifically required to
display learned olfactory preference. The interplay between
the AWB-AWC sensorimotor circuit and the ADF modulatory
circuit generates naive and learned olfactory preferences. To
the best of our knowledge, this is the first time that a neural
network for olfactory learning has been mapped from sensory
input to motor output with specific roles assigned to each
neuron in the network. Our study has uncovered the functional
organization of a neural network that directs olfactory response
and learning, demonstrating that C. elegans exhibits naive and
learned olfactory behaviors by regulating the interplay of
different neural circuits that transduce olfactory stimuli into
motor responses.
RESULTS
AnAutomatedOlfactory LearningAssayUsing Individual
Animals
C. elegans displays olfactory preference on a solid substrate by
chemotaxis, using both a ‘‘pirouette strategy’’ and a ‘‘weather-
vane strategy.’’ In the ‘‘pirouette strategy,’’ locomotion is charac-
terized by periods of forward movements that are interrupted by
reorienting maneuvers ‘‘pirouettes,’’ including reversals and U
turns (sharp turns in which animal’s body shape resembles the
Greek letter omega U). When an animal experiences improving
conditions, such as a positive gradient of attractive chemical
cues, it reduces the frequency of reorienting maneuvers; when
an animal encounters declining conditions, it increases the
frequency of reversals and turns. This behavioral strategy resem-
bles the biased randomwalk that bacteria exhibit during chemo-
taxis (Berg and Brown, 1972; Chalasani et al., 2007; Pierce-
Shimomura et al., 1999). In the ‘‘weathervane strategy,’’ animals
gradually steer themselves during periods of forward movement
to move toward an attractant (Iino and Yoshida, 2009). Swim-1174 Neuron 68, 1173–1186, December 22, 2010 ª2010 Elsevier Incming C. elegans also exhibit chemotaxis and display olfactory
preference by regulating the frequency of omega turns. Attrac-
tive odorant molecules suppress turns and their removal evokes
turns (Luo et al., 2008; Pierce-Shimomura et al., 2008). There-
fore, the frequency of omega turns during swimming is nega-
tively correlated with an animal’s preference for an olfactory
stimulus.
To carry out systematic laser ablation analysis of olfactory
learning, we employed a microdroplet assay to automate the
analysis of olfactory behaviors using individual animals (Figures
1A and 1B). Previously, it was shown that adult animals exhibit
similar levels of olfactory learning whether exposed to patho-
genic bacteria only as adults or exposed throughout their life-
times (Zhang et al., 2005). We raised animals under standard
conditions until adulthood and then transferred half of the
animals onto a training plate containing a fresh bacterial lawn
of a pathogenic bacterium P. aeruginosa PA14 and the other
half onto a control plate containing a fresh lawn of a benign
bacterium E. coli OP50 (so they would remain naive to the smell
of PA14). After 4–6 hr, we analyzed trained and naive animals
side by side in the microdroplet assay by subjecting animals,
each freely swimming in a microdroplet of buffer, to 12 cycles
of alternating air streams that were odorized with either PA14
or OP50. Switching between air streams was under computer
control (Figures 1A and 1B). We analyzed video records of swim-
ming animals with a machine-vision algorithm that automatically
detected omega turns exhibited by each animal. We quantified
olfactory preference between the two odorized air streams
with a choice index based on the number of omega turns de-
tected during exposure to each air stream for each assay
(Figures 1B and 1C):
I ðturning frequencyÞ = number of detected omega bends=
total assay time;
Choice index = ðI ðOP50Þ  I ðPA14ÞÞ=ðI ðOP50Þ + I ðPA14ÞÞ:
Because the frequency of omega turns is negatively correlated
with the preference for an olfactory stimulus, a positive choice
index indicates an olfactory preference for pathogen PA14 and
a negative choice index indicates a preference for OP50. We
defined the learning index as the difference in choice indexes ex-
hibited by naive and trained animals (Figure 1C). We found that
naive animals turned much less frequently when exposed to
the smell of PA14 and generated a positive choice index, indi-
cating that the naive olfactory preference is to PA14. However,
after training, animals generated similar numbers of turns when
exposed either to the smell of PA14 or to the smell of OP50
and produced a choice index close to zero. Therefore, a positive
learning index indicates that trained animals learn to decrease
their attraction to the smell of PA14 after exposure to PA14
(Figure 1C).
C. elegans exhibits spontaneous omega turns even when sub-
jected to clean air that carries no olfactory stimulus (Figure 1D).
Thus, olfactory stimuli do not directly generate omega turns,
but instead modulate the frequency of spontaneous turns.
When exposed to the alternating air streams odorized with buffer.
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Figure 1. C. elegans Displays Aversive Olfactory Learning on the Pathogenic Bacterium PA14 in the Microdroplet Assay
(A) Training protocol for aversive olfactory learning on adult animals.
(B) Diagram of the olfactory microdroplet assay. One representative image and data output of 12 animals in one assay are shown. Results are vertically arranged
on raster panels and each dot represents one U bend. Each row displays the result of one cycle of olfactory assay on one animal and each animal was tested for
12 cycles continuously in every assay.
(C) The aversive olfactory learning on the smell of PA14 in the microdroplet assays. Turning rates toward OP50 were compared with turning rates toward PA14 in
naive and trained animals with two-tailed Student’s t test. The naive choice index was compared with the trained choice index with two-tailed Student’s t test.
Data are presented as mean ± standard error of the mean (SEM). ***p < 0.001, n > 50 assays, error bars: SEM, N.S.: not significant.
(D) Wild-type animals generate frequent turns when exposed to the clean air that passes mineral oil and carries no odorant (error bars: SEM).
(E) The aversive olfactory learning ability of wild-type N2 animals and mutants defective in neurotransmitter biosynthesis in the microdroplet assay. The learning
ability of mutants was compared with that of wild-type animals and the p values were calculated by two-tailed Student’s t test. Multiple comparisons were
adjusted with Bonferroni correction. Data are presented as mean ± SEM. *p < 0.05, ***p < 0.001, nR 6 assays, error bars: SEM.
(F) Themod-1(ok103)mutant is defective in learning in the microdroplet assay. The learning ability ofmod-1was compared with that of wild-type animals and the
p value was calculated by two-tailed Student’s t test. Data are presented as mean ± SEM. *p < 0.05, nR 8 assays, error bars: SEM. See also Figure S1.
Neuron
A Neural Network for C. elegans Olfactory Learningand bacteria culture of either OP50 or PA14, both naive and
trained animals exhibited a lower turning rate to the smell of
either bacterial culture than to buffer, indicating that they are
attracted to the smell of food (see Figure S1A available online).
Thus, learning specifically modulates the olfactory preference
between benign and pathogenic bacteria without abolishing
the general attraction of food smell.
This form of aversive olfactory learning occurs and reverses
rapidly. Adult animals trained on PA14 exhibited a significant
amount of learning with two hours of training and became fully
trained after 4 hr. When fully-trained adult animals were trans-
ferred back to a bacterial lawn of OP50, the learned olfactory
preference gradually diminished over 2 hr (Figures S1B and
S1C), indicating that the training process does not generateNepermanent alteration to the nervous system. Thus, the fully-
developed nervous system of adult C. elegans is capable of
experience-dependent modulations to avoid the smell of patho-
genic bacteria.
Although the aversive olfactory learning analyzed by the mi-
crodroplet assay reverses rapidly, three observations suggest
that it is distinct from adaptation. First, no alteration in olfactory
preference was detected in this assay when adult animals were
trained with a series of nonpathogenic bacterial strains (Fig-
ure S1D), suggesting that the aversive learning is contingent on
the pathogenesis of the training pathogen. Second, two adapta-
tion mutants, egl-4 and adp-1, both displayed normal learning
ability in the microdroplet assay (Figure S1E). Third, aversive
olfactory learning of PA14 requires the negative reinforcing effecturon 68, 1173–1186, December 22, 2010 ª2010 Elsevier Inc. 1175
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Figure 2. Aversive Olfactory Learning
Requires the AWB and AWC Olfactory
Sensory Neurons
(A) The aversive olfactory learning ability of wild-
type N2 animals and chemosensory mutants.
The learning ability of mutants and wild-type
animals were compared with two-tailed Student’s
t test and multiple comparisons were adjusted
with Bonferroni correction. Data are presented as
mean ± SEM. ***p < 0.001, n R 6 assays, error
bars: SEM.
(B) Expression of osm-6 cDNA in AWB and AWC
olfactory sensory neurons rescues the learning
defect of osm-6 mutants, but the expression of
osm-6 cDNA mainly in AWC alone or in the gusta-
tory neurons ASE does not rescue. The learning
ability of transgenic animals was compared with
that of nontransgenic siblings with paired two-
tailed Student’s t test. Data are presented as
mean ± SEM. ***p < 0.001, n R 4 assays, error
bars: SEM, N.S.: not significant.
(C) A candidate neuronal network downstream of
sensory neurons AWB and AWC to regulate aver-
sive olfactory learning. See also Figure S2 and
Tables S1 and S2.
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A Neural Network for C. elegans Olfactory Learningthat directly results from ingestion of the pathogen. To show this,
we put adult animals on a lawn of OP50 while exposing them for
6 hr to the smell of a PA14 lawn, whichwas grown on the lid of the
plate. In this experiment, trained animals were exposed to the
smell of PA14, but were fed on OP50. These trained animals ex-
hibited olfactory preference comparable to that of the control
animals that fed on OP50 without exposure to the smell of
PA14 (Figure S1F).
Previously, we used a two-choice assay that quantified the
overall movements of populations of crawling worms to eluci-
date the role of serotonergic neurotransmission in aversive olfac-
tory learning (Zhang et al., 2005). Importantly, the automated
microdroplet assay that we utilized in this study recapitulates
the phenotypes that were obtained using the two-choice assay
and supports the role of serotonin in aversive olfactory learning.
The cat-1mutation, which disrupts both dopamine and serotonin
neurotransmission (Duerr et al., 1999), greatly reduced olfactory
learning quantified using the microdroplet assay, whereas the
cat-2mutation, which specifically disrupts dopamine production
(Lints and Emmons, 1999), had no effect on learning (Figure 1E).
The tph-1(mg280) mutant, which is deficient in the only
C. elegans tryptophan hydroxylase required for biosynthesis of
serotonin (Sze et al., 2000), was completely defective in olfactory
learning in the microdroplet assay (Figure 1E). In addition, the
mod-1(ok103) mutant, which is defective in a serotonin-gated
chloride channel (Ranganathan et al., 2000), also showed greatly
reduced learning in the microdroplet assay (Figure 1F). Thus, the
microdroplet assay for swimming animals assigns phenotypes
that are consistent with the two-choice assay that we previously
used. The important advantage of the microdroplet assay is that
it allows us to quantify olfactory preference with small numbers
of animals.1176 Neuron 68, 1173–1186, December 22, 2010 ª2010 Elsevier IncAversive Olfactory Learning Requires the AWB and AWC
Olfactory Sensory Neurons
To characterize the neuronal network that regulates the switch of
olfactory preference, we began by identifying chemosensory
neurons required for olfactory plasticity. We first tested an
osm-6 mutant, which is defective in development and sensory
function of all ciliated chemosensory neurons (Collet et al.,
1998). The osm-6 mutant showed significantly reduced learning
to avoid the smell of PA14 (Figure 2A). By comparing choice
indexes before and after training, we found that the osm-6
mutant was unable to reduce its olfactory preference for the
smell of PA14 after training (Figure S2A). These results indicate
a requirement for the function of chemosensory neurons in
generating a learned preference. The residual learning ability of
the osm-6mutant likely results from its residual olfactory sensory
ability in the microdroplet assay (Figure S2B). The osm-6mutant
exhibited lower turning frequencies than wild-type animals,
especially toward the smell of PA14 (Figure S2C), consistent
with other studies in which osm-6mutant exhibited lower omega
turn frequencies in crawling and swimming assays (Gray et al.,
2005; Srivastava et al., 2009). We also measured the innate
immune response of C. elegans to PA14 infection following an
established procedure (Tan et al., 1999) and found that the
osm-6 mutant displayed the same immune response to PA14
infection as wild-type animals (Figure S2D), suggesting that its
learning defect did not result from an altered immune response.
Because osm-6 is expressed in all ciliated chemosensory
neurons, we tested other chemosensory mutants to identify
the set of chemosensory neurons that are necessary for learning.
An osm-3mutant, which is defective in function of most chemo-
sensory neurons except olfactory neurons (Tabish et al., 1995),
showed learning ability and turning rate comparable to wild-type.
Neuron
A Neural Network for C. elegans Olfactory Learninganimals. A che-1 mutant, which is impaired in development of
the major gustatory neurons ASE (Uchida et al., 2003), also dis-
played normal learning ability and turning rate (Figures 2A, S2A,
and S2C). However, a mutation in ceh-36, which compromises
development of ASE and olfactory sensory neurons AWC (Lan-
juin et al., 2003), caused a defective learning and exhibited
a much reduced naive olfactory preference for the smell of
bacteria (Figures 2A, S2A, and S2C). Together, these results
suggest that the AWC olfactory neurons are required to detect
the smell of bacteria and olfactory sensory inputs are required
to generate aversive olfactory learning in themicrodroplet assay.
AWA, AWB, and AWC represent three pairs of olfactory
sensory neurons in the C. elegans nervous system. AWC and
AWB sensory neurons mediate attractive and repulsive olfactory
responses, respectively, to a variety of odorants (Bargmann
et al., 1993; Troemel et al., 1997). It was shown that AWB
mediate behavioral response to stay off the lawns of pathogenic
bacteria (Pradel et al., 2007). We found that the expression of
osm-6 complementary DNA in the olfactory sensory neurons
AWB and AWC together fully rescued the learning defect of the
osm-6 mutant, whereas expression of osm-6 cDNA mainly in
AWC alone or in the gustatory neurons ASE did not rescue
(Figures 2B and S2E), suggesting that the combined function
of AWB and AWC regulates aversive olfactory learning.
Because different Pseudomonas bacteria strains secrete
2-butanone, iso-amyl alcohol, 2,3-pentanedione and 2,4,5-
trimethylthiazole, which are detected by the sensory neurons
AWC and AWA as attractive odorants (Bargmann et al., 1993;
Zechman and Labows, 1985), one possibility is that training
with P. aeruginosa PA14 lowers the animal’s attraction toward
these molecules, or even inverts the animal’s response, turning
them into repellents. Using themicrodroplet assay, we quantified
the strength of olfactory responses to this set of chemicals in
both naive animals and animals trained with PA14 and found no
significant difference (Figure S3). One possibility is that
C. elegans recognizes the smell of PA14 as a coherent percept
corresponding to a particular mix of different odorant molecules.
Another possibility is that the smell of PA14 is recognized through
an as yet unidentified odorant molecule that is unique to it.
Two Different Neural Circuits Regulate Naive
and Learned Olfactory Preferences
Next, we asked which neurons operate downstream of AWB and
AWC to display naive and learned olfactory preferences. Serial-
section electron micrography has revealed the complete wiring
diagram of the C. elegans nervous system (Chen et al., 2006;
White et al., 1986). Potential functional circuits can be identified
as groups of neurons that are heavily interconnected by large
numbers of synapses. This straightforward method of counting
synapses allowed previous investigators, for example, to map
pathways that regulate the ability of crawling worms to generate
spontaneous omega turns and reversals (Gray et al., 2005). We
applied this method to identify integrated circuits downstream
of AWB and AWC based on strong chemical synaptic connec-
tions (Table S1 and Supplemental Experimental Procedures).
This analysis uncovered a multilayered neural network
composed of sensory neurons (AWB, AWC, and ADF), interneu-
rons (AIB, AIY, AIZ, RIA, and RIB), and motor neurons (RIM, RIV,NeRMD, SAA, and SMD) (Figure 2C; Table S2). Most neurons in this
candidate network represent pairs of bilaterally symmetric
neurons except that SMD and SAA are groups of four neurons
and RMD are six neurons. This network downstream of the
AWB and AWC olfactory sensory neurons overlaps partly with
a previously mapped network that regulates the frequency of
reversals and omega turns of crawling worms (Gray et al.,
2005; Tsalik and Hobert, 2003). For this study, the network
downstream of AWB and AWC provides candidate pathways
for understanding how olfactory preference and plasticity are
generated in the C. elegans nervous system.
To characterize how the neuronal function of the olfactory
network in Figure 2C allows animals to display different olfactory
preferences before and after learning, we performed a system-
atic laser ablation analysis of each neuronal type in the network.
We conducted laser ablations with a femtosecond laser micro-
beam (Chung et al., 2006) on L2 larvae and cultivated the oper-
ated animals under standard conditions until the adult stage.
At this point, we transferred half of the operated animals onto
a fresh lawn of OP50 as naive controls and the other half onto
a fresh lawn of PA14 to induce aversive olfactory learning (Fig-
ure 1A). After 6 hours, we measured turning frequency of these
naive and trained animals toward alternating air streams odor-
ized with OP50 or PA14 (Figures 5G and 6G), which allowed us
to analyze choice indexes to quantify olfactory preference
(Figures 1B and 1C). We quantified effects of neuronal ablation
by comparing the choice indexes of naive and trained ablated
animals with those of matched mock controls. Mock controls
went through laser surgery, postsurgery cultivation, and olfac-
tory training and analysis procedures in the same way as the
ablated animals but without the neurons being ablated. These
comparisons allowed us to define the contribution of each
neuronal type in the network to the generation of naive and
learned olfactory preferences.
We found that the naive olfactory preference for PA14 is dis-
rupted by laser ablation of a specific group of neurons. For
example, AWB-ablated animals exhibited no naive olfactory
preference for PA14 and trained AWB-ablated animals did not
exhibit any olfactory preference either, producing a learning
index that was close to zero (Figure 3A). It is important to note
that all choice indexes that we measured as being close to
zero in this study were due to similar turning rates during the
OP50 and the PA14 air streams, and not due to inability to
swim or generate U turns. This notion is evidenced by the anal-
yses on turning rates in Figures 5G and 6G for all the ablation
results.
Individually ablating AWC or AIY produced an effect similar to,
albeit smaller than, that of ablating AWB. Ablating AIZ or AIY and
AIB together generated the same effects on the naive preference
as ablating AWB (Figure 3C). Ablating the ADF serotonergic
neurons also moderately reduced the naive choice index, indi-
cating that ADF might have a small sensory contribution to the
naive olfactory preference for PA14. Ablating any other neurons
in the network did not significantly alter naive olfactory prefer-
ence (Figure 3C). Thus, AWB, AWC, AIY and AIB, AIZ, and
possibly ADF play essential roles in generating the naive olfac-
tory preference between the smells of OP50 and PA14. These
neurons are strongly interconnected with chemical synapses.uron 68, 1173–1186, December 22, 2010 ª2010 Elsevier Inc. 1177
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Figure 3. TwoDifferent Neural Circuits in an
Olfactory Network Regulate the Naive and
Learned Olfactory Preferences
(A) Ablation of AWB sensory neurons abolished the
naive olfactory preference and learning.
(B) Ablation of RIA interneurons abolished the
learned olfactory preference and learning without
altering the naive preference.
(C–E) Effects of ablating different neuronal types
on the naive olfactory preference (C), the learned
olfactory preference (D), and learning (E).
(F) Two different neural circuits for the naive and
learned preferences. The AWB-AWC sensori-
motor circuit is highlighted in blue and the ADF
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ablated animals were compared with that of
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Neuron
A Neural Network for C. elegans Olfactory LearningThe similar effects caused by ablating these neuronal types
suggest that these neurons constitute a functional circuit (an
AWB-AWC sensorimotor circuit) that allows C. elegans to
encode and display its naive olfactory preference for PA14
(blue symbols in Figure 3F).
Within the AWB-AWC sensorimotor circuit, the functions of
different neurons are diverse. Animals lacking AWB or AWC or
AIY and AIB together are not only defective in their naive prefer-
ence, but also deficient in generating any clear preference after
training and, thus, produce low learning indexes (Figures 3C–
3E). The low learning indexes of these animals could be caused
either by defects in sensing or distinguishing between the smells
of different bacteria, defects in learning, or both. Although the
severe defects in the naive preference caused by ablating
AWB, AWC, or AIY and AIB together clearly points to their role
in producing the naive preference, their contribution to1178 Neuron 68, 1173–1186, December 22, 2010 ª2010 Elsevier Inc.producing the learned preference cannot
be excluded and deserves further exami-
nation. In contrast, AIZ-ablated animals
exhibited a strong olfactory aversion to
the smell of PA14 after training, despite
showing no naive olfactory preference
between OP50 and PA14 (Figures 3C
and 3D). Both naive and trained AIZ-
ablated animals exhibited lower turning
rates when exposed to the smell of
OP50 than mock control animals, with
a greater decrease in turning rate after
training (Figures 5G and 6G), implicating
the specific function of AIZ in generating
the naive olfactory preference for PA14.
The difference in naive and trained choice
indexes of AIZ-ablated animals yielded
a learning index comparable to wild-
type animals (Figures 3C–3E), indicating
that ablating AIZ did not affect olfactorylearning ability. The distinct effects of ablating AIZ on olfactory
preference and plasticity point to different cellular mechanisms
for generating naive olfactory preference and learning.
We next sought to identify neurons that might regulate olfac-
tory plasticity without affecting naive olfactory preference.
Further laser ablation analysis uncovered such a group of
neurons. For example, ablating the RIA interneurons had no
effect on the naive olfactory preference for PA14, but completely
abolished the ability to shift olfactory preference away fromPA14
after training. Animals without RIA continued to exhibit an olfac-
tory preference for PA14 after training, leading to a low learning
index (Figure 3B). Similarly, killing ADF or RIM or SMD signifi-
cantly changed the learned preference and disrupted learning
ability without substantially altering naive olfactory preference
(Figures 3C–3E). Except for the mild effect of killing RIB, ablating
any other neuronal types in the network did not generate
Neuron
A Neural Network for C. elegans Olfactory Learningcomparable defects (Figures 3C–3E). The RIA interneurons
connect with ADF sensory neurons and SMD motor neurons
with large numbers of synapses, and the RIM motor
neurons send out a few synapses to SMD. Ablating any neurons
in this circuit—RIA, ADF, SMD, or RIM—abolished olfactory
plasticity without significantly affecting the naive olfactory pref-
erence for PA14. Thus, this circuit (the ADF modulatory circuit)
is specifically required to generate experience-dependent plas-
ticity after training with PA14 (pink symbols in Figure 3F). Previ-
ously, we found that the serotonergic neurons ADF play an
essential role in regulating aversive olfactory learning on patho-
genic bacteria (Zhang et al., 2005). Here, by analyzing the func-
tion of neurons that are strongly connected to ADF, we identified
the pathway downstream of ADF that causes worms to shift their
olfactory preference away from PA14 after training.
In summary, two different neural circuits—the AWB-AWC
sensorimotor circuit and the ADF modulatory circuit—allow
C. elegans to display the naive olfactory preference and to
change olfactory preference after experience. The ADF neurons
contribute to both the naive olfactory preference and the change
in olfactory preference after experience (Figure 3F).
Correspondence between the Microdroplet Assay
for Swimming Worms and the Two-Choice Assay
for Crawling Worms
Next, we sought to verify that phenotypes of neuronal ablation
that were quantified using individual swimming worms in the mi-
crodroplet assay could also be obtained using crawling worms in
the two-choice assay that we established earlier (Zhang et al.,
2005). Because the two-choice assay requires a large number
of animals for each experiment, we were able to do this with
the RIA interneurons by ectopically expressing a cell-death
molecule caspase with strong cell specific promoter (Brockie
et al., 2001; Chelur and Chalfie, 2007). In the microdroplet assay,
laser ablation of RIA did not alter the naive olfactory preference
for PA14, but generated a significant deficiency in changing
olfactory preference away from PA14 after training (Figures 4A
and 4B). Similarly, we found that in two-choice assays, RIA-
genetically-killed animals exhibited a naive olfactory preference
comparable to wild-type animals and nontransgenic siblings, but
exhibited no ability to shift olfactory preference away from PA14
after training, resulting in a complete loss of learning ability
(Figures 4C and 4D). Thus, the results of both assays are consis-
tent in identifying a specific role for RIA in generating olfactory
plasticity.
We also compared phenotypes obtained in the microdroplet
assay and the two-choice assay using osm-6mutants and trans-
genic animals in which function of osm-6 is rescued in olfactory
neurons AWB and AWC. We found that in both the microdroplet
assay and the two-choice assay the trained choice indexes of
osm-6 mutants were significantly different from that of wild-
type animals and expression of osm-6 cDNA in AWB and AWC
neurons fully rescued the learning defect (Figures 4E and 4F).
Thus, the microdroplet assay is as reliable as the two-choice
assay in defining phenotypes for olfactory preference and
learning. Unlike the two-choice assay, however, the microdrop-
let assay can be combined with systematic laser ablation anal-
ysis of any neuron within the circuit.NeOlfactory Sensory Neurons Mediate the Naive Olfactory
Preference
As shown above, naive animals prefer the smell of PA14, evi-
denced by an increase in their turning rate when air streams
switch from the smell of PA14 to the smell of OP50. In contrast,
animals that have been trained by exposure to PA14 display
similar turning rates toward the smells of PA14 and OP50,
producing a comparatively lower olfactory preference for
PA14. We next asked how the neurons for the naive and learned
olfactory preferences regulate turning rate to exhibit olfactory
preference.
We first analyzed the AWB-AWC sensorimotor circuit for the
naive olfactory preference (blue symbols in Figure 3F). AWB
and AWC mediate repulsive and attractive olfactory responses,
respectively. To characterize their function in determining naive
preference, we measured neuronal activity within these sensory
neurons on exposure to the smells of OP50 or PA14 using intra-
cellular calcium imaging. First, we studied transgenic animals
expressing the genetically encoded calcium sensitive fluores-
cent protein G-CaMP in the AWCON cell, one of the two AWC
neurons. It was previously shown that the two AWC neurons,
AWCON and AWCOFF, generate similar calcium responses to
the odorants that they both detect (Chalasani et al., 2007).
Removal of attractive odorants stimulates AWC calcium
response, whereas exposure to attractants suppresses it (Chala-
sani et al., 2007). We subjected naive transgenic animals to alter-
nating streams of PA14-conditioned medium and OP50-condi-
tioned medium in the order of OP50-PA14-OP50, and found
that OP50-conditioned medium stimulated calcium transients
in AWCON whereas PA14-conditioned medium suppressed the
activation (Figure 5A). We also did control experiments by
exposing transgenic animals to the two stimuli in the order of
PA14-OP50-PA14 and found similar results (Figure S4A). Next,
we subjected naive transgenic animals to alternating streams
of clean buffer and streams conditioned with either OP50 or
PA14, and found that AWCON calcium transients were sup-
pressed by either type of bacterial conditioned medium (Figures
5B and 5C). Together, these results indicate that the AWC
neurons in naive animals respond to both the smell of PA14
and OP50 as attractants, but respond to the smell of PA14 as
a more attractive stimulus than the smell of OP50. Thus, the
response properties of the AWCneuronmatch the olfactory pref-
erence of the naive behaving animal.
We next examined transgenic animals that express G-CaMP
in the AWB olfactory sensory neurons, which mediate repulsive
olfactory behavioral response to repellants including 2-nona-
none (Troemel et al., 1997). We found that removal of 2-nona-
none stimulated AWB calcium transients and exposure to
2-nonanone suppressed AWB (Figure S4E). This result suggests
that the switch from a repellent to the removal of the repellent
activates AWB. We subjected these naive transgenic animals
to alternating streams of OP50 and PA14-conditioned mediums
in the order of either OP50-PA14-OP50 or PA14-OP50-PA14.
We found that the switch from OP50-conditioned medium to
PA14-conditioned medium activated AWB calcium transients
(Figures 5D and S4C). When we alternated streams of clean
buffer with streams conditioned by either OP50 or PA14, calcium
transients in AWB neurons were activated by switching eitheruron 68, 1173–1186, December 22, 2010 ª2010 Elsevier Inc. 1179
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Figure 4. Correspondence between the Microdroplet Assay and the Two-Choice Assay
(A and B) In the microdroplet assay, laser ablation of RIA generated significant defects in the trained choice index (A) and learning (B) without affecting naive
choice index. The choice indexes or the learning index of ablated animals were compared with that of mock control animals with two-tailed Student’s t test.
Data are presented as mean ± SEM. ***p < 0.001, nR 9 assays, error bars: SEM.
(C andD) In the two-choice assay, killing RIA generated significant defects in the trained choice index (C) and learning (D) without affecting naive choice index. The
choice indexes or the learning indexes of transgenic animals and nontransgenic siblings were compared with that of wild-type animals with two-tailed Student’s
t test. Multiple comparisons were adjusted with Bonferroni correction. Data are presented asmean ± SEM. ***p < 0.001, **p < 0.01, nR 3 assays, error bars: SEM.
(E and F) In both the microdroplet assay (E) and the two-choice assay (F), osm-6mutants exhibited significant defects in the trained choice index and expression
of osm-6 cDNA in AWB and AWC neurons rescued the defects. The choice indexes of transgenic animals and nontransgenic siblings were compared with that of
wild-type animals with two-tailed Student’s t test. Multiple comparisons were adjusted with Bonferroni correction. Data are presented as mean ± SEM.
***p < 0.001, **p < 0.01, nR 6 assays, error bars: SEM.
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A Neural Network for C. elegans Olfactory Learningtype of bacterial conditioned medium to buffer (Figures 5E and
5F). Taken together, these results indicate that both OP50 and
PA14-conditioned mediums contain repellents that are detected
by AWB and in naive animals AWB respond to OP50 as a more
repulsive stimulus than PA14. Thus, the neuronal response of
AWB is consistent with the olfactory preference of naive animals
toward PA14 at the level of behavior.
Next, we asked how the olfactory sensitivities of AWC and
AWB are transduced into olfactory behavioral preference by1180 Neuron 68, 1173–1186, December 22, 2010 ª2010 Elsevier Incthe regulation of turning rate exhibited by swimming worms in
response to the smells of OP50 and PA14. To do this, we exam-
ined the effects of neuronal ablation on the turning rate of naive
animals. Ablating the AWC sensory neurons, AIB or AIZ interneu-
rons, or SMD motor neurons significantly decreased the turning
rate to the smell of OP50, suggesting that the smell of OP50
promotes turns through these neurons. In contrast, ablating
both AIY and AIB or ablating the RIM motor neurons increased
the turning rate toward the smells of both OP50 and PA14,.
Neuron
A Neural Network for C. elegans Olfactory Learningindicating that these neurons inhibit turns in response to olfac-
tory inputs (Figure 5G). Individually ablating any other neurons
did not affect turning rate in naive animals (Figure 5G). The AIB
and AIY interneurons are postsynaptic to AWC, and regulate
turns during odor sensation in crawling animals (Chalasani
et al., 2007). RIM, which receive inputs from both AIY and AIB,
synapse onto the four SMD motor neurons. Taken together,
these results indicate that these strongly connected interneurons
and motor neurons regulate turning rates downstream of AWB
and AWC (Figure 5H). When naive worms are subjected to alter-
nating smells of OP50 and PA14, the smell of OP50 activates
AWC neurons and raises turning rate, whereas the smell of
PA14 inactivates AWC and lowers turning rates (Figures 5A
and 5H). Thus, the differential responses of AWC to the smells
of PA14 and OP50 could regulate downstream neurons to
generate stimulus-specific turning rates that are displayed as
the olfactory preference for PA14 in naive animals (Figure 5H).
Although the activity of the AWB neurons also reflects the
naive olfactory preference for PA14 (Figure 5D), ablating AWB
eliminated naive olfactory preference without significantly
changing turning rates. It is possible that AWB might regulate
AIZ directly and/or indirectly through ADF (Figure 5G). Ablating
AIZ interneurons specifically lowered the turning rate on expo-
sure to the smell of OP50 in both naive and trained animals, elim-
inating the naive olfactory preference for PA14 without affecting
olfactory learning (Figures 3C–3E, 5G, and 6G). Although AIB or
RIM or SMD also contribute to the generation of different turning
rates on exposure to the smell of OP50 and PA14 in naive
animals (Figure 5G), the ablation effects were not specific
(RIM) or prominent enough (AIB or SMD) to significantly change
the naive olfactory preference for PA14 (Figure 3C). Together,
our results indicate that in naive animals AWB and AWC exhibit
stimulus-specific patterns of activity. Differential response of
AWC to the smells of OP50 and PA14 regulates downstream
circuit to display olfactory preference through the control of
turning rate. AIZ contribute to naive olfactory preference by regu-
lating the response to the smell of OP50 (Figure 5H).
Modulations to Signal Transduction to the Network
Downstream of Olfactory Sensory Response Generate
the Learned Preference
Finally, we investigated how this network is changed by training
with PA14 to generate learned olfactory preference. First, we
studied intracellular calcium responses in the AWB and AWC
olfactory neurons on exposure to the smells of OP50 and PA14
after training. Surprisingly, although AWCON neuronal responses
are strongly correlated with the behavioral preference for PA14
over OP50 in naive animals, AWCON neuronal responses in
trained animals did not reflect the shift in olfactory preference
away from the smell of PA14. As we did with naive animals, we
subjected trained worms to alternating streams conditioned
with either OP50 or PA14. We found that OP50-conditioned
medium stimulated AWCON calcium response and PA14-condi-
tionedmedium suppressed AWCwhen animals were exposed to
the two stimuli either in the order of OP50-PA14-OP50 or in the
order of PA14-OP50-PA14 (Figures 6A and S4B). And the switch
frombuffer tomedium conditionedwith either OP50 or PA14 also
suppressed AWCON calcium transients in trained animalsNe(Figures 6B and 6C). These patterns of AWCON calcium
dynamics in trained animals indicate that AWCON continues to
respond to PA14 as the more attractive stimulus than OP50,
just as in naive animals. Calcium dynamics in the AWB olfactory
sensory neurons were also unchanged by training, continuing to
respond to the smell of OP50 as more repulsive than the smell of
PA14 (Figures 6D–6F and S4D). Thus, the behavioral shift of
olfactory preference away from PA14 is not generated by the
patterns of AWC or AWB sensory response, pointing to experi-
ence-dependent changes to the signal transduction to down-
stream neurons.
To identify the changes to the network that are caused by
training, we examined the turning rates exhibited by trained
animals in response to the smells of OP50 and PA14. We found
that ablating RIA, the interneurons that are specifically required
to shift olfactory preference away from PA14 after training,
specifically decreased the PA14-induced turning rate without
affecting the OP50-induced turning rate (Figure 6G). Ablating
SMD, four motor neurons connecting with RIA, reduced the
turning rates toward the smells of both OP50 and PA14, but
with a stronger reduction toward the smell of PA14 (Figure 6G).
These results suggest that RIA and SMD function downstream
of the neural network to increase turning rate toward the smell
of PA14 in trained animals. Although ablating AWC or AIB or
RIB also altered turning rates of trained animals, the effects on
turning rate were similar toward either the smell of OP50 or
PA14, resulting in little change on olfactory preference after
training (Figures 3D and 6G). These results suggest that olfactory
learning to shift olfactory preference away from the smell of PA14
after exposure to PA14 works by modulating the turning rate
response on exposure to the smells of OP50 and PA14, not by
modifying the neuronal responses of AWC or AWB sensory
neurons to the smell of either bacterium. It was previously shown
that the ADF serotonergic neurons, major presynaptic partners
of RIA, are essential for aversive olfactory learning in crawling
animals. Long term exposure of C. elegans to PA14 increases
the serotonin content of ADF, suggesting that serotonin might
represent the negative-reinforcing cue (Zhang et al., 2005). Our
results suggest that ADF function together with their down-
stream RIA interneurons and SMD motor neurons to drive aver-
sive olfactory learning. RIA connect with SMD through a large
number of reciprocal synapses. Thus, RIA may regulate aversive
olfactory learning by integrating the negatively reinforcing sero-
tonergic signal with locomotory response to the olfactory
sensory input. This regulation can modulate motor outputs of
the olfactory network during training, resulting in an increased
turning rate, and thus a decreased olfactory preference toward
PA14 in trained animals.
DISCUSSION
Here, by applying systematic single-cell ablation analysis to the
C. elegans wiring diagram, we mapped the functional organiza-
tion of a neural network from sensory input to motor output that
regulates the aversive olfactory learning of C. elegans on patho-
genic bacteria. This type of learning appears similar to the Gar-
cia’s effect, a common form of learning that animals learn to
avoid the taste or smell of a food that makes them ill (Garciauron 68, 1173–1186, December 22, 2010 ª2010 Elsevier Inc. 1181
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Figure 5. Olfactory Sensory Neurons in the AWB-AWC Sensorimotor Circuit Mediate Naive Olfactory Preference
(A–F) G-CaMP calcium response of AWCON (A–C) and AWB (D–F) neurons in naive animals when stimuli alternated between OP50-conditioned medium and
PA14-conditioned medium in the order of OP50-PA14-OP50 (A and D), or when stimuli alternated between buffer and OP50-conditioned medium (B and E),
or between buffer and PA14-conditionedmedium (C and F). The blue traces indicate the average percentage changes in G-CaMP intensity formultiple recordings
and the gray areas around the traces indicate SEM. In (A)–(F), the calcium signals within 3 s window immediately before the switch of the stimuli and the calcium
signals within 3 s window that begins 1.5 s after the switch were quantified. Values were compared using a paired two-tailed Student’s t test (***p < 0.001, **p <
0.01, *p < 0.05, nR 5 animals).
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A Neural Network for C. elegans Olfactory Learninget al., 1955). To our knowledge, our work presents the first
systematic analysis on the cellular basis for similar types of
learning.Two Different Neural Circuits Drive the Naive and
Learned Olfactory Preferences
We have found that two different neural circuits are required for
C. elegans to generate its naive and trained olfactory prefer-
ences. The AWB-AWC sensorimotor circuit is required for
animals to display their naive olfactory preference, whereas the
ADF modulatory circuit is specifically needed for the animals to
modify the naive olfactory preference after training. Both circuits
are connected to downstreammotor neurons that control turning
rate, suggesting that they regulate motor output during the
behavioral display of olfactory preference in either naive or
trained animals (Figures 5H and 6H).
Furthermore, calcium imaging responses of AWB and AWC
olfactory sensory neurons in naive animals are consistent with
the behavioral olfactory preference for the smell of PA14 over
the smell of OP50. Switching from OP50-conditioned medium
to PA14-conditioned medium inhibited intracellular calcium
dynamics in AWC and stimulated AWB (Figures 5A, 5D, S4A,
and S4C). The differential effects of OP50 and PA14 stimuli on
the activity of these olfactory sensory neurons are likely to be en-
coded in the intrinsic properties of the neurons, such as expres-
sion of a particular group of G protein coupled receptors. The
differential response of these olfactory sensory neurons propa-
gates through downstream neurons to produce different turning
rates depending on olfactory inputs (Figure 5H). Our results on
olfactory sensory neurons in the learning network suggest that
intrinsic neuronal responses of olfactory sensory neurons
directly regulate the behavioral olfactory preference of naive
animals.
Interestingly, the olfactory response of AWB and AWC sensory
neurons to the smells of benign and pathogenic bacteria were
not changed by training (Figures 6A, 6D, S4B, and S4D). The
contrast between the behavioral aversion to PA14 and the
neuronal preference of sensory neurons to PA14 in trained
animals suggests training-dependent alterations to signal trans-
duction to the downstreamof the olfactory learning network. This
hypothesis is consistent with our analyses on the turning rate of
trained animals, which indicate that aversive experience
increases the turning rate toward the training bacterium PA14
through RIA interneurons and SMD motors neurons. Animals
lacking RIA or SMD could not learn to reduce their attraction
toward PA14 smell after training by increasing their turning rate
to PA14 air stream (Figures 3D, 3E, and 6G). These findings
suggest that the aversive training modulates the function of
RIA and SMD neurons, either with an ADF serotonergic negative
reinforcing cue or with altered neurotransmission from sensory
neurons to downstream circuits or both. These modulations(G) Effects of neuronal ablations on turning rate exhibited by naive animals when
ablated animals were compared with that of matched mock animals with two-taile
*p < 0.05, nR 6 assays, error bars: SEM.
(H) In naive animals, differential neuronal responses of AWC sensory neurons to t
preference. The AWB-AWC sensorimotor circuit is highlighted in blue and the AD
Neresult in the increased turning rate toward PA14 smell in trained
animals (Figure 6H).Roles of Neurons in the Network for Aversive Olfactory
Learning
Our results suggest diverse neuronal functions in the network.
Ablating the serotonergic neurons ADF significantly disrupted
the learned preference, and also mildly reduced the naive olfac-
tory preference for PA14, suggesting that ADF play roles in dis-
playing both naive and learned olfactory preferences (Figures
3C–3F). The overall level of serotonin in C. elegans decreases
after food deprivation. The serotonin content of ADF increases
after an animal has ingested infectious bacterial food (Chao
et al., 2004; Colbert and Bargmann, 1995; Sawin et al., 2000;
Sze et al., 2000; Zhang et al., 2005). Thus, different levels of sero-
tonin signaling could regulate different food-related behaviors in
naive and trained worms.
The AIY interneurons regulate several forms of behavioral
plasticity and responses to quality of food (Biron et al., 2006;
Mori and Ohshima, 1995; Remy and Hobert, 2005; Shtonda
and Avery, 2006; Zhang et al., 2005). Here, we found that
ablating AIY compromises the naive preference and ablating
AIB generates a mild effect on learning; however, ablating both
AIY and AIB together completely abolished the naive preference
and learning (Figures 3C–3E). The ablation result clearly indi-
cates the combined function of AIY and AIB in producing naive
olfactory preference, and it is also consistent with the possibility
that AIY and AIB interneurons function in a parallel pathway to
regulate both naive preference and learning. The serotonin-
gated chloride channel MOD-1 is required for animals to
generate aversive olfactory learning (Zhang et al., 2005) (Fig-
ure 1F), and expression of wild-type MOD-1 activity with ttx-3
promoter in AIY or with odr-2(2b) promoter in AIB, AIZ and
several other neurons rescued the learning defect of the mod-1
mutant (Zhang et al., 2005). Taken together, these complemen-
tary results from our previous and current studies suggest that
AIY and AIB interneurons may contribute to generating both
the naive preference and learning.
It was previously shown that interneurons AIY play important
roles in regulating reorienting movements of crawling animals
(Gray et al., 2005; Tsalik and Hobert, 2003). In our study,
although ablating both AIY and AIB neurons altered the
frequency of omega turns, ablating AIY alone did not significantly
change the turning rate of swimming animals (Figures 5G and
6G). This difference points to a difference in assay conditions
and measurement.
Our ablation analyses indicate that RIA interneurons are
specifically required for animals to generate the learned olfactory
preference away from pathogenic bacterium PA14 (Figure 3B).
RIA are believed to regulate behavioral plasticity in temperature
(Mori and Ohshima, 1995) and chemical sensation (Stetak et al.,stimuli alternated between the smells of OP50 and PA14. The turning rates of
d Student’s t test. Data are presented as mean ± SEM. ***p < 0.001, **p < 0.01,
he smell of OP50 and PA14 propagate through downstream circuit to generate
F modulatory circuit is highlighted in pink. See also Figure S4.
uron 68, 1173–1186, December 22, 2010 ª2010 Elsevier Inc. 1183
 T
ur
ni
ng
 fr
eq
ue
nc
y
0.3
0.2
0.1
0
0.4
G
Airstream
Trained mock controls
Trained ablated animals
AWC AWB
ADF
AIY AIB AIY
AIB
OP50 PA14 OP50 PA14
OP50 PA14
OP50 PA14 OP50 PA14 OP50 PA14
 T
ur
ni
ng
 fr
eq
ue
nc
y
0.3
0.2
0.1
0
0.4
Airstream
AIZ
OP50 PA14
OP50 PA14 OP50 PA14 OP50 PA14 OP50 PA14 OP50 PA14
RIA RIB RIM SMD RIV
**
*** *
* ***
**
Trained animalsH
Turning rate increases
RIA
* * *
AWC
AIY
AIB RIM SMDOP50 smell Turning rate increases
AWC
AIY
AIB RIM SMDPA14 smell
AIZ
0.5
Ablated cell
Ablated cell
AWB AWC
AIY
AIZ
RIA AIB
RIV RIB
SMD SAA
RMD RIM
ADF
(Ω
 b
en
ds
/s
)
(Ω
 b
en
ds
/s
)
Trained
OP50 PA14 OP5080%
40%
0
-40%
0 30 60 90
Time (second)
 F
/F
A
90
Buffer PA14 Buffer40%
-40%
 F
/F
-80%30
Buffer OP50 Buffer40%
-40%
 F
/F
-80%
B Trained C Trained
Time (second) Time (second)
Trained
OP50 PA14 OP5040%
20%
0
-20%0 30 60 90
Time (second)
 F
/F
AWB Trained
BufferOP50Buffer50%
25%
0
-25%0 30 60 90
Time (second)
 F
/F
TrainedAWBAWB
AWC AWCAWC
D E F
80%
40%
0
-40%
 F
/F
40%
20%
0
-20%
 F
/F
40%
0 30 60
0
0 60 90
0 0
-40%
 F
/F
-80%
50%
25%
0
-25%
 F
/F
40%
0
-40%
 F
/F
-80%
40%
20%
0
-20%
 F
/F
BufferPA14Buffer40%
20%
0
-20%0 30 60 90
Time (second)
 F
/F
PA OP
OP PA
OP Buffer
OP Buffer
PA Buffer
PA Buffer
**
** ** **
*** ***
Figure 6. Modulations to Signal Transduction Downstream of Olfactory Sensory Response Generate the Learned Preference
(A–F) G-CaMP calcium response of AWCON (A–C) and AWB (D–F) neurons in trained animals when stimuli alternated between OP50-conditioned medium and
PA14-conditioned medium in the order of OP50-PA14-OP50 (A and D), or when stimuli alternated between buffer and OP50-conditioned medium (B and E), or
between buffer and PA14-conditionedmedium (C and F). The red traces indicate the average percentage changes in G-CaMP intensity and the gray areas around
the traces indicate SEM. In (A)–(F), the calcium signals within 3 s window immediately before the switch of the stimuli and the calcium signals within 3 s window
that begins 1.5 s after the switch were quantified. Values were compared using a paired two-tailed Student’s t test (***p < 0.001, **p < 0.01, n R 5 animals).
Compared to the calcium response in naive animals (Figures 5A–5F), training had no effect under each condition.
(G) Effects of neuronal ablations on the turning rates exhibited by trained animals when stimuli alternated between the smell of OP50 and PA14. The turning rates
of ablated animals were compared with that of matched mock animals with two-tailed Student’s t test. Data are presented as mean ± SEM. ***p < 0.001, **p <
0.01, *p < 0.05, nR 6 assays, error bars: SEM.
(H) In trained animals, RIA interneurons and SMDmotor neurons regulate the turning rate toward the smell of PA14 to generate the trained preference. The AWB-
AWC sensorimotor circuit is highlighted in blue and the ADF modulatory circuit is highlighted in pink. See also Figure S4.
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forms of neural and behavioral plasticity.
Neural Networks Underlying the Switch between
Alternative Behavioral Outputs
Our systematic laser ablation analysis has identified an inventory
of functionally organized neuronal circuits that are needed for
experience-dependent switches in olfactory preference in
C. elegans. The interplay between neural circuits that are
required for C. elegans to display its naive and learned olfactory
preferences are reminiscent of those that regulate behavioral
switches between swimming and feeding behaviors in the sea
slug or fear-extinction and its context-dependent renewal in
mice. In the sea slug Pleurobranchaea, activation of the neural
network for escape swimming triggered by predatory signals
antagonizes the activity of the network for feeding, driving swim-
ming behavior (Jing and Gillette, 2000). In mice, the regulated
display of the fear response is mediated by ‘‘low fear’’ and
‘‘high fear’’ neurons in the amygdala. Extinction of fear can be
mediated by the inhibition of high fear neurons by low fear
neurons. Renewal of fear can be mediated by inhibition of the
low fear neurons by hippocampal inputs, allowing the activity
of high fear neurons to emerge in animal behavior (Herry et al.,
2008). Thus, in C. elegans, as in other animals, the switch
between alternative behavioral states is generated by the differ-
ential usage of different neural circuits under different conditions.
EXPERIMENTAL PROCEDURES
Detailed information on strains and germline transformation is included in
Supplemental Experimental Procedures.
Microdroplet Assay
In each assay, 12 microdroplets (2 ml) of nematode growth medium (NGM)
buffer were placed on a sapphire window (Swiss Jewel Company). One adult
animal was placed within each droplet, and the window was placed in a gas-
regulated enclosed chamber. Images of swimming animals were recorded by
a CCD camera at 10 Hz. Olfactory input was provided in the form of two alter-
nating air streams, one odorized with E. coli OP50 and the other odorized with
P. aeruginosa PA14. The air streams were odorized by passage through liquid
cultures of bacterial strains that were prepared overnight at 26C in NGM
medium. The air streams were automatically switched using solenoid valves
controlled by LabVIEW (National Instruments, Austin, TX). In each experiment,
animals were subjected to 12 successive cycles of alternating 30 s exposure to
each air stream. The temperature of the sapphire window and the chamber
was maintained at 23C using a temperature-controlled circulating water
bath. The motor responses of individual animals were analyzed using
machine-vision software written in MATLAB (MathWorks, Natick, MA). The
software calculated a thresholded region corresponding to each worm in
each video frame, then determined the eccentricity of an ellipse with the
same second moments as the region. The eccentricity of a worm undergoing
an U bend (which is roughly circular) is smaller than that of a worm exhibiting
forward swimming (which is roughly linear).U bends were defined as occurring
when the eccentricity fell below a threshold value set by measuring the eccen-
tricity in a large number of manually detected U bends. The result for turning
rate in each assay was the mean value for three to six animals in the assay.
Aversive Olfactory Training
A similar number of adult animals were moved onto either a control plate that
contained a fresh lawn of the benign bacterium E. coli OP50 or a training plate
that contained a fresh lawn of the pathogenic bacterium P. aeruginosa PA14
for aversive training for 6 hr at 20C. Control and training plates were preparedNeby inoculating 10 cmNGMplates with 0.5ml overnight NGMculture of OP50 or
PA14, respectively, and incubating at 26C for 1.5 days.
Calcium Imaging
Calcium imaging was performed in a microfluidic device essentially as
described (Chalasani et al., 2007; Chronis et al., 2007) with minor modifica-
tions. Fluorescence time lapse imaging (100 ms exposure) was performed
on a Nikon Eclipse Ti-U inverted microscope with a 403 oil immersion objec-
tive and a Photometrics CoolSnap EZ camera. The detail of the procedure is
included in the Supplemental Information.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
Supplemental References, four figures, and two tables and can be found
with this article online at doi:10.1016/j.neuron.2010.11.025.
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